synthesis directly on glass or other surfaces (4, 11, 14, A simple procedure for manufacturing microchips [16] [17] [18] .
Our group has been developing microchips in which scribed. A gel photopolymerization technique is intro-oligonucleotides are immobilized within polyacrylamide duced to produce micromatrices of polyacrylamide gel gel pads (2, 3, 6) . The gel provides a stable support and pads (25 1 25 1 20 mm and larger) separated by a hy-has a low fluorescence background. A three-dimensional drophobic glass surface. A pin device for the manual polyacrylamide gel provides more than 100 times greater application of a compound in solution onto the acti-capacity for immobilization than does a two-dimensional vated polyacrylamide gel pad for immobilization is de-glass support. This large and wide range of immobilizascribed. Oligonucleotide, DNA, and protein microchips tion capacity increases the sensitivity of measurements have been produced by this method and tested by hy- (7) , allows kinetic and thermodynamic analysis by meabridization and immunoanalysis monitored with a suring the melting curves of the duplexes (8), enables us fluorescence microscope. The effect of the lengths of to equalize the AT-and GC-rich duplex stabilities (2, 3) , the immobilized oligonucleotides and the hybridized and permits contiguous stacking hybridization to in-RNA and DNA on hybridization of the oligonucleotide crease the sequencing efficiency of the oligonucleotide mimicrochips was evaluated. This method can also be crochip (2, 3, 6, 7) . Gel-immobilized oligonucleotides are used for manufacturing microchips containing a variwell spaced and do not interfere with each other or with ety of other compounds. ᭧ 1997 Academic Press DNA upon hybridization. Therefore, hybridization and other processes within the gel resemble a homogeneous liquid-phase reaction rather than a heterogeneous solidphase reaction. These factors enhance the discrimination The development of new advanced analytical meth-between perfect duplexes and mismatched ones. Oligonuods is receiving a strong impetus from miniaturization cleotide microchips can be dried, kept for months, and techniques (1) . The use of microarrays (microchips) of used 15 or more times for hybridization. These microchips oligonucleotides or DNA is considered to be a promising have been applied for sequence analysis of nucleic acids, approach for DNA and RNA sequence analysis (2-7), for identification of genetic mutations (6-8), in HLA diagnostics of genetic diseases (6-10), gene polymor-allotyping (Shick et al., unpublished results), and for phism studies (11) (12) (13) , and analysis of gene expression identification of microorganisms (19). A robot has been (14, 15) . A number of groups are working to manufac-constructed for manufacturing microchips containing ture microchips either by immobilization of DNA and thousands of immobilized compounds (3, 6) . However, presynthesized oligonucleotides or by oligonucleotide we have found it useful to have simple, routinely used equipment for manual fabrication of less complex microchips containing a wide range of compounds.
applied manually with a pin-loading device, and the compounds are chemically immobilized within the gel pads. Oligonucleotide and DNA microchips were tested by hybridization with complementary fluorescently labeled molecules, and the protein microchip was tested with a fluorescently labeled antibody. The microchip fluorescence was monitored quantitatively with a fluorescence microscope equipped with a CCD camera (6) .
MATERIALS AND METHODS

Oligonucleotides, DNA, RNA, and Proteins
Oligonucleotides were synthesized using a 394 DNA/ RNA synthesizer (Applied Biosystems). The synthesis of oligonucleotides for immobilization began with 3-methyluridine at the 3-terminal position (3).
Fluorescently labeled RNA was prepared using T7 rescent labels can be incorporated into RNA and DNA RNA polymerase and PCR-amplified template DNA (8, by chemical methods (20). 9). Template DNA for in vitro transcription was pre-
The 226-bp-long DNA for immobilization on micropared by PCR amplification of 0.1 ng of PCR product chips was prepared by PCR amplification of the second with a nested primer containing the common T7 RNA exon of the HLA DQA1 0201 allele, with forward ATGpolymerase promoter region: 5-GGA ATT CCT AAT GTGTAAACTTGTACCAGT and reverse TTGGTA-ACG ACT CAC TAT A-3 (designated T7Pr). Forward GCAGCGGTAGAGTTG primers (Nosikov, V., personal primers T7V2L-1: 5-(T7Pr)-GGG ACA TTT GCT TCC communication). The region of this 226-bp-long DNA ACA ACT GT-3; T7V2L-45: 5-(T7Pr)-GGG ACA CCA complementary to a fluorescently labeled 28-mer is TGG TGC ACC TGA CTC C-3; or T7V2L-104: 5-indicated with bold letters: 5-ATGGTGTAAACTTGT-(T7Pr)-GGG AGG TGA ACG TGG ATG AAG TTG G-ACCAGTCTTACGGTCCCTCTGGCCAGTTCACCCA-3 (as well as the common reverse primer 5-TCT CCT TGAATTTGATGGAGACGAGGAGTTCTATGTGG-TAA ACC TGT CTT GTA ACC-3) have been used to ACCTGGAGAGGAAGGAGACTGTCTGGAAGTTGCamplify the sequences of the human b-globin gene from CTCTGTTCCACAGACTTAGATTTGACCCGCAAT-/1 to /177, from /44 to /177, and from /102 to 177, TTGCACTGACAAACATCGCTGTGCTAAAACATArespectively. A reverse primer for 248-nt 3 runoff RNA ACTTGAACATCCTGATTAAACGCTCCAACTCTAwas 5-GGC AGA GAG AGT CAG TGC CTA TCA G CCGCTGCTACCAA. Affinity-purified mouse IgG1 and and the forward primer was T7V2L-1. Templates were rabbit IgG antibodies and bovine serum albumin purified using a QIAquick PCR purification kit (QIA-(Sigma) were used for manufacturing the protein mi-GENE) according to the manufacturer's protocol. The crochips. RNA polymerase reaction was performed using the MEGAshortscript T7 kit (Ambion) with fluorescein 12-Polyacrylamide Gel Micromatrix Preparation by UTP (Molecular Probes). The prepared runoff RNA Photopolymerization molecules were a 75-nt-long fragment complementary to the human b-globin gene sequence from positions A polyacrylamide gel micromatrix was prepared by /102 to /177; a 135-nt fragment, /44 to /177; a 180-photopolymerization of 4% acrylamide (acrylamide: nt fragment, /1 to /177; and a 251-nt fragment, /1 bisacrylamide, 19:1) for oligonucleotide and DNA imto /248. Several additional nucleotides are incorpo-mobilization and of 3% acrylamide (acrylamide:diallylrated in the final product from the T7 promoter se-tartardiamide, 3:1 (21)) for protein immobilization, in quence.
40% glycerol, 0.002% methylene blue (22), 0.012% Fluorescently labeled single-stranded DNA frag-TEMED, and 0.1 M sodium phosphate buffer, pH 7.0. ments (6) were a synthetic 20-nt fragment (from /160 The mixture was applied to an assembled polymerizato /179); and 62-nt (from /116 to /177) and 177-nt tion chamber ( Fig. 1) , which consists of a quartz mask (from /1 to /177) single-primer, PCR-amplified frag-(100 1 100 1 1.5 mm) pretreated with Repel-Silane ments of the human b-globin gene. Alternatively, fluo-(LKB) and then with 0.01% Tween 20; two 20-mm-thick 2.5 1 25-mm Teflon spacers; and a 75 1 25 1 1-mm glass microscope slide (Corning Micro Slides) pre-by two metal clamps. The internal side of the quartz Fifty microliters of aqueous solutions of oligonucleotides (100 mM) containing 3-methyluridine at the 3 end mask has a nontransparent 1-mm-thick chromium film, prepared by photolithography. The grid can be also ap-was oxidized by adding 5 ml of 50 mM sodium periodate plied on the mask by hand-drawing with a fine-point, in water. After incubation for 10 min at room temperawater-resistant permanent marker. The assembled ture, the oligonucleotides were precipitated with 10 volchamber, filled with acrylamide solution by capillary umes of 2% LiClO 4 in acetone and were washed with forces, was exposed to UV light for 30 min on a 312-acetone. The precipitate was thoroughly dried and renm UV transilluminator (FisherScientific) or a 254-nm dissolved in distilled water. The solution of oxidized UV Stratalinker 1800 (Stratagene) from a distance of oligonucleotides (0.1-10 nmol/ml) can be stored at /4ЊC 1 in.
for a week or at 020ЊC for a month. After polymerization, the chamber was disassem-
The following oligonucleotides of different lengths bled. The micromatrix was washed with water to re-and structures were immobilized on the microchips. 8-move nonpolymerized acrylamide, dried, and kept at mer: 8A, gel-CTTAAACC-5 (/164 to /171); 8B, gelroom temperature. Micromatrices having gel elements CTTAtACC-5 (/164 to /171); 8C, gel-CATCCACG-5 25 1 25 1 20 mm and larger were produced by this (/164 to /171); 10-mer: 10A, gel-TCCTTAAACC-5 method.
(/164 to /173); 10B, gel-TCCTTAtACC-5 (/164 to /173); 10C, gel-TTCATCCACG-5 (/164 to /173); 12-mer: 12A, gel-TCCTTAAACCTG-5 (/162 to /173); Microchip Manufacture 12B, gel-TCCTTAtACCTG-5 (/162 to /173); 14-mer: Micromatrices of two sizes were routinely prepared; 14A, gel-TCCTTAAACCTGTC-5 (/160 to /173); they contained 60 1 60 1 20-mm and 100 1 100 1 20-14B, gel-TCCTTAtACCTGTC-5 (/160 to /173); 14C, mm gel pads that were spaced by 120 and 200 mm, gel-CAACTTCATCCACG-5 (/160 to /173); 20-mer: respectively. A solution was transferred to each gel ele-20A, gel-CTCCTTAAACCTGTCTTGTA-5 (/155 to ment using a simple manual pin device (Fig. 2) . The /174); 20B, gel-CTCCTTAtACCTGTCTTGTA-5 (/155 thermostabilized, gold-plated, glass fiberoptic pin (Fi-to /174). berguide Industries), 240 mm in diameter, has a hyOligonucleotides A and C were chosen to be compledrophobic side surface and a hydrophilic upper surface mentary to three different regions of the first exon of (V in Figs. 2B and 2C ). The pin temperature is kept the b-globin gene. Oligonucleotides B, in contrast to A, close to the dew point by a Peltier thermostated plate contained an A-to-t base change, forming a t-T misto avoid evaporation of the oligonucleotide solution. match upon hybridization. The figures in parentheses The pin is placed under the binocular lens I in conjunc-following the oligomer sequences indicate the sequence tion with a microchip holder VIII. A minute volume of position within the b-globin gene, taking the transcripoligonucleotide solution is loaded on the pin by a pi-tion initiation site as /1 (8). petter each time (Fig. 2C) , and then the solution from PCR-amplified HLA DQA1 double-stranded DNA the pin is transferred by one or several loadings (about was depurinated in 50 ml of 80% formic acid (Sigma) 1 nl per loading) to the gel pad by the movement of the at 20ЊC for 10, 30, or 50 min, precipitated with acetone, pin table around the axis, using manual manipulation.
dried, dissolved in water at concentration of 1 or 10 mg/ Oligonucleotide and DNA microchips. The poly-ml, and used for microchip production. The oligonucleoacrylamide gel matrix used for oligonucleotide and tide and DNA microchips were washed, dried, and DNA immobilization was activated by treatment with stored at 4ЊC for several months. 2 ml of 100% hydrazine hydrate (Sigma) at room temProtein microchips. The polyacrylamide gel microperature 18 { 2ЊC for 40 min (2, 3) . Under these condimatrix used for protein immobilization was prepared tions, about 5 mM of hydrazide groups are incorporated as described for the oligonucleotide microchip, except into the polyacrylamide gel instead of amide groups.
that it was activated by treatment with 5% glutaraldeThe micromatrix was washed with 2 ml of water, placed hyde (Serva) in PB buffer (27 mM KCl, 14 mM KH 2 PO 4 , in 2 ml of 1% acetic acid for 10 min, washed with water, 43 mM Na 2 HPO 4 , pH 7.4) at room temperature for 48 placed in 1 M NaCl for 20 min, washed with water, h (24) . A protein solution (4 mg/ml) in PBS buffer (137 dried, and then treated with Repel-Silane (LKB) for mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM 1 min. The Repel-Silane treatment makes the glass KH 2 PO 4 , pH 7.4) was applied by the pin onto each gel spacers between the gel pads hydrophobic. After washpad of the micromatrix. ing with ethanol and water, the activated matrix can Protein microchips were incubated at 20ЊC for 24 h be kept dry at room temperature for many months. in a humid chamber and then were washed succesAlternatively, amino-group-containing oligonucleosively in PBS buffer with 0.5% Tween 20 for 10 min, tides were immobilized in polyacrylamide via aldehyde groups (23).
in PBS buffer without Tween for 5 min, and finally in was removed and the microchip was covered with 10 ml of cooled hybridization buffer to decrease the background. Immunoanalysis of the proteins on the microchips was carried out by incubation with affinity-purified FITC-labeled goat IgG against mouse IgG1 (Sigma) at room temperature for 24 h. Before application, the FITC-antibody conjugate solution (4 mg/ml) was diluted by a factor of 100 with PBS buffer containing 0.5% Tween 20. The microchip was washed three times for 2 h each wash with Tween-PBS buffer and then with PBS buffer for 30 min.
Hybridization and immunoanalysis were monitored quantitatively using a specially constructed multicolor epifluorescence microscope (4 1 4 mm object field) equipped with a CCD camera and necessary software (6) .
RESULTS AND DISCUSSION
Microchip Fabrication
The manufacture of microarrays of gel-immobilized compounds consists of three steps: fabrication of the gel micromatrix, loading microvolumes of solution onto the micromatrix, and chemical immobilization of a compound within the chemically activated gel pads.
A modified methylene-blue-induced photopolymeri-
FIG. 2-Continued
zation (22) significantly simplifies the micromatrix preparation relative to other methods (such as mechanical scribing or laser evaporation) used by our group PB buffer for 5 min. Reduction of the enamine bond (3, 6) . The scheme of photopolymerization is shown in formed between the aldehyde groups of the glutaralde- Fig. 1 . The oligonucleotides to be immobilized were achyde-activated gel and the amino groups of proteins tivated by generation of 3-terminal dialdehyde groups; was carried out in freshly prepared 0.1 M NaBH 4 in DNA was activated by partial depurination. The poly-PB buffer at 20ЊC for 3 h. The microchip was washed acrylamide gel of oligonucleotide and DNA microchips three times in PB buffer for 10 min each and then in was activated by the introduction of hydrazide groups water for 10 min. Then the microchip was treated with (3, 6) . Proteins were immobilized by direct application 0.5 M 2-aminoethanol HCl (Sigma) in PB buffer at on glutaraldehyde-activated polyacrylamide gel (24) . 20ЊC for 3 h, washed in PBS buffer for 30 min, and air-To avoid the exchange of different compounds applied dried. Protein microchips were stored in sterile PBS on adjacent gel pads, the pads were separated on the buffer.
micromatrix by a hydrophobic glass surface (25). The simple device for manual loading of up to 100 compounds on a micromatrix is shown on Fig. 2 . The The Hybridization and Immunoanalysis on the transfer of the solution (about 1 nl) of a compound to Microchips be immobilized on the gel pads was carried out on the hydrophilic upper surface of a pin that has a hydrophoFluorescently labeled DNA, RNA, or oligonucleotides (5 ml, 10-100 pmol/ml) were hybridized with the mi-bic side surface. The temperature of the pin was maintained near the dew point of the ambient air to avoid crochip covered with a cover glass over 300-mm spacers at 4ЊC for 2-24 h (6). The hybridization buffer con-drop evaporation in the course of transfer (6) . Figure 3 shows that the reproducibility of the tained 1 M NaCl, 1 mM EDTA, 1% Tween 20, and 10 mM sodium phosphate, pH 7.0. The hybridization sig-loading and immobilization of a fluorescently labeled oligonucleotide can be carried out in parallel nals can be read without changing the hybridization mixture if the signals to background ratio is above 3. on 10 gel pads with an error {10%, whereas the reproducibility of the immobilization and the hyTo carry out measurement at the lower ratios, the hybridization solution containing DNA or RNA fragments bridization is {10 -15%. No cross-hybridization or cross-contamination of adjacent gel pads with differ-labeled 5-Texas Red-NH-TTTTTTTT to test the efficiency of the immobilization and (2) one to four 8 ent immobilized oligonucleotides was observed. Several oligonucleotides are usually immobilized as in-mer of different A/T content. Fluorescently labeled 8 mer complementary to the immobilized oligonucleternal standards on complex microchips containing more than 30 immobilized compounds for quality otides are added as internal standards to any hybridization mixture to assess the efficiency of the control. These oligonucleotides are (1) hybridization, cross-hybridization, and the back-tion of water-soluble compounds such as oligonucleotides, nucleic acids, proteins, peptides, and other substances ground.
A number of other chemical methods for immobiliza-(26) can also be used for microchip manufacturing.
DNA and RNA Hybridization with Oligonucleotide Microchips
The gel support has a disadvantage for immobilization in the restricted size of the compounds that can diffuse into the gel and in their retarded diffusion. This results in stronger signals from the periphery than from the inside of the gel pads with nonequilibrium interactions. This shortcoming can be overcome by using porous gels, for example, a polyacrylamide gel crosslinked with diallyltartardiamide (21) The effect on hybridization of the lengths of the gel-TCT-NH-Texas Red for 30 h at 20ЊC. immobilized oligonucleotides and of the hybridized DNA and RNA was studied in the following experiments (Fig. 4 ). An oligonucleotide microchip containing A/T content and length. Therefore, the discrimination oligonucleotides 8, 10, 14, and 20 nucleotides long was efficiency varied with the hybridization temperatures. manufactured. The oligonucleotides either were fully However, to determine the optimal temperature for discomplementary to the coding strand of the first human criminating each perfect duplex on the microchip from b-globin gene exon or contained an A-to-T substitution mismatched duplexes, parallel measurements of equithat produced a t-T mismatch upon hybridization (8). librium or nonequilibrium melting curves were carried The same microchip sustained up to 15 rounds of se-out for all microchip oligonucleotides (8). quential hybridization with complementary DNAs and Figure 4C shows that the hybridization signals are RNAs of different sizes.
proportional to the concentration of the immobilized The quantitative data on hybridization with fluores-20-mer. This allows one to equalize the hybridization cently labeled RNAs and DNAs are summarized in Fig. signals for immobilized oligonucleotides forming du-4A. As expected, the longer the immobilized oligonucle-plexes of different stability (according to the A/T compootides, the higher were the hybridization signals, with sition or the length) by choosing the proper oligonucleothe strongest signals obtained for 20-mer and the tide concentrations (2, 3). weakest for 8-mer. The hybridization signals for 7-mer were only slightly above the background under the con-DNA Microchip ditions of hybridization used (not shown). RNA and A 226-bp DQA1 DNA fragment was activated by par-DNA of the same size showed similar patterns of hytial depurination and immobilized on a hydrazide-actibridization. Single-stranded RNA and DNA up to 250 vated polyacrylamide gel. Similar activation has been nucleotides long diffused into the gel and participated used earlier for chemical labeling DNA with fluorescent in base-pairing with immobilized oligonucleotides, aldyes containing a hydrazine group (20). Figure 5 shows though the intensity of the hybridization is decreased that longer DNA incubation in formic acid results in for longer RNA and DNA molecules (not shown).
higher depurination and in increased amounts of imAlthough longer immobilized oligonucleotides mobilized DNA, as tested by hybridization with fluoyielded higher hybridization signals, they were less ef-rescently labeled complementary oligonucleotides. Howfective in discrimination of, for example, a t-T mis-ever, one needs to take into account that the presence match (Fig. 4B) . The smallest probe (8-mer) was about of depurinated residues may decrease the stability of three times more effective in discriminating perfect duplexes and the efficiency of the hybridization. The from mismatched duplexes than the least discrimina-results show that DNA up to 226 bases in length can tive probe (20-mer). Therefore, shorter probes should be immobilized in a 4% polyacrylamide gel and that be used to achieve better discrimination of perfect from the DNA is accessible for hybridization. mismatched duplexes. The hybridizations with an oligonucleotide microchip were carried out at 4ЊC under Protein Microchip unstringent conditions. It is impossible to select the most stringent hybridization conditions simultaneThree proteins (mouse IgG1, rabbit IgG [150 kDa], and bovine serum albumin) were immobilized within ously for all microchip oligonucleotides, which differ in
